Parkinson disease (PD) is the second most common neurodegenerative disorder. We studied 754 affected individuals, comprising 425 sibling pairs, to identify PD susceptibility genes. Screening of the parkin gene was performed in a subset of the sample having earlier age of PD onset or a positive LOD score with a marker in the parkin gene. All subjects were evaluated using a rigorous neurological assessment. Two diagnostic models were considered for genome-wide, non-parametric linkage analyses. Model I included only those individuals with a more stringent diagnosis of verified PD (216 sibling pairs) and resulted in a maximum LOD score of 3.4 on chromosome 2. Model II included all affected individuals (425 sibling pairs) and yielded a LOD score of 3.1 on the X chromosome. Our large sample was then employed to test for gene-by-gene (epistatic) interactions. A genome screen using the 23 families with PD patients having a mutation in only one allele of the parkin gene detected evidence of linkage to chromosome 10 (LOD ¼ 2.3). The 85 families with a very strong family history of PD were employed in a genome screen and, in addition to strong evidence of linkage to chromosome 2 (LOD ¼ 4.9), also produced a LOD of 2.4 on chromosome 14. A genome screen performed in the 277 families without a strong family history of PD detected linkage to chromosomes 10 (LOD ¼ 2.4) and X (LOD ¼ 3.2). These findings demonstrate consistent evidence of linkage to chromosomes 2 and X and also support the hypothesis that gene-by-gene interactions are important in PD susceptibility.
INTRODUCTION
Parkinson disease (PD; MIM 168600) is a common neurodegenerative disorder affecting more than 1% of 55-year-old individuals and more than 3% of those over 75 years of age (1). It is characterized by bradykinesia, resting tremor, muscular rigidity and postural instability, as well as a clinically significant response to treatment with levodopa (2) . The cardinal pathological feature of PD is the loss of dopaminergic neurons in the substantia nigra. A second characteristic pathological feature is the presence of intracytoplasmic inclusions, called Lewy bodies, in nigral and extranigral neurons (3, 4) .
Recent studies have consistently found that genetic factors are involved in the pathogenesis of idiopathic PD. Results suggest the risk of PD to be anywhere from two to 14 times higher for first-degree relatives of an affected individual as compared with the risk in members of unaffected families (5) (6) (7) (8) (9) (10) (11) (12) (13) . Mutations in four genes, all having a role in the ubiquitin-proteasome pathway, have been found in families segregating autosomal dominant or autosomal recessive PD. Mutations in alphasynuclein (PARK1) were identified in families with early-onset, autosomal dominant PD (14) . Extensive molecular studies found alpha-synuclein mutations in only a small number of PD families, suggesting that this gene is not a major risk factor for PD (15) (16) (17) (18) . Subsequently, mutations in the parkin gene (PARK2) were found to cause autosomal recessive, juvenileonset PD (19) . Multiple reports of point mutations and exon rearrangements in the parkin gene, including both deletions and duplications, have been identified in patients with PD (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . The ubiquitin carboxy-terminal hydrolase L1 gene (UCH-L1; PARK5) has been implicated in autosomal dominant PD. Mutations in two siblings were reported in a single German family; however, further analyses in several other samples have failed to identify mutations in any other individuals (29) (30) (31) . DJ-1 (PARK7) was found recently to play a causative role in autosomal recessive PD (32) , and so the frequency of DJ-1 mutations in other samples is not yet known. Genetic analyses have detected linkage to several other chromosomal regions, although the genes have not yet been identified [PARK3 (33) PARK4 (34) PARK6 (35) PARK8 (36) ].
Studies of non-Mendelian families have implicated additional genes and chromosomal regions. Xu et al. (37) reported that homozygosity for a 7048G7049 polymorphism in intron 6 of the Nurr1 gene (also known as NR4A2) was significantly more common among familial PD and sporadic PD as compared with healthy controls. Further studies in an independent sample suggested that heterozygosity for the polymorphism conferred an increased risk for PD (38) . Subsequently, mutations in exon 1 of the Nurr1 gene have been reported in a subset of familial PD subjects (39) . Recently, mtDNA haplogroups J and K have been found to significantly decrease the risk of PD (40) . A mutation was recently identified in two German patients with PD in the synphilin-1 gene (41) . Studies using late-onset families from Iceland identified a novel locus, termed PARK10, located at 1p32 (42) .
To identify additional PD susceptibility genes, we recruited a sample of multiplex PD families. Previously, a genome screen performed in 182 families consisting of 203 PD sibling pairs identified linkage to regions on chromosomes 2 and X (43). Additional analyses were then performed using only those pedigrees with a strong family history of PD. With an autosomal dominant model of disease inheritance, this subset of 65 families generated a LOD score of 5.1 at chromosome 2q36-37 (44) . We have now doubled our sample through the recruitment and genetic analysis of an additional 180 families, consisting of 222 PD sibling pairs.
Since parkin mutations are the most common inherited defect in PD, we identified families in our sample that were likely to have parkin mutations. Through the prioritization of families with a positive LOD score at the parkin gene and/or an early age of onset (<50 years), mutations in the parkin gene were identified in 17% of our familial sample (20) . Affected individuals in more than half of our parkin mutation positive families were heterozygous for a single parkin mutation. Other studies have also reported affected individuals heterozygous for a single parkin mutation (21, 25, 27, (45) (46) (47) (48) . This raises the possibility that additional susceptibility alleles at other loci might be necessary for disease. The importance of gene-bygene (epistatic) interactions has been postulated as a crucial mechanism for genetically complex disorders. We have tested this hypothesis in our expanded dataset, now more than doubled in size, that provides consistent evidence for PD susceptibility loci on chromosomes 2 and X.
RESULTS
A sample of 754 affected individuals, consisting of 425 sibling pairs from 362 families, were employed in the analysis. Model I included only those individuals with a more stringent diagnosis of verified PD (216 sibling pairs from 194 families), hence only families with at least two members fulfilling criteria for verified PD are included in the genetic analyses. Model II included all examined individuals as affected, regardless of their final diagnostic classification (425 sibling pairs from 362 families). The majority of families consisted of a single pair of affected siblings. Under model I, there were 183 families with a single pair of affected siblings and 11 families with three affected siblings. There were also two families in which additional affected family members were sampled. Under the broader disease definition employed in model II, there were 335 families with two affected siblings, 24 families with three affected siblings and three families with four affected siblings. There were nine families in which additional affected family members were sampled. The average age at onset of PD was earlier for the sample employed in the model I analyses (mean ¼ 59.8) than for those individuals exclusive to the broader model II definition (mean ¼ 62.6; P ¼ 0.002). The characteristics of the study population are described in Table 1 .
As described previously (22) , families producing a positive LOD score (LOD > 0) with a microsatellite marker in intron 7 of the parkin gene (D6S305) using either an autosomal dominant or autosomal recessive model of disease inheritance were screened for parkin mutations. In addition, the parkin gene was also examined in any family having at least one member with an age of onset of 50 years or less. This resulted in the identification of parkin mutations in 39 of the 173 families screened. Importantly, 16 families had mutations in both parkin alleles, while in the other 23 families, a mutation was identified in only one of the two parkin alleles.
After families with parkin mutations were removed from the full sample, the maximum LOD score in the region of the parkin locus was 0.4. These results suggest that most families with a parkin mutation have been identified in the sample.
Genome screen
As shown in Table 2 , non-parametric linkage analysis was performed with model I, using only those sibling pairs meeting rigorous study criteria for verified PD (Fig. 1A) , as well as with model II, in which the full sample of PD sibling pairs was employed (Fig. 1B) . Results are also shown with and without the 39 families with an identified parkin mutation. Similar to our previous report (43) , chromosomes 2 and X provided the greatest evidence of linkage. Linkage to chromosome 2 was greater using the more restrictive PD diagnostic classification (model I; LOD ¼ 3.4; genome-wide P-value ¼ 0.03). In addition, inclusion of the families with parkin mutations resulted in higher LOD scores. For all models, three markers on chromosome 2, spanning 17 cM, retained at least 70% of the maximum LOD score (D2S396, D2S206, D2S338) and the 1-LOD support interval encompassed 21 cM. Interestingly, the 18 Hispanic families in the sample provide a substantial portion of the linkage evidence. Analysis of the sample without these families and using allele frequencies based on only the non-Hispanic sample resulted in lower LOD scores for model I (LOD ¼ 2.5 with the inclusion of the parkin positive families; LOD ¼ 2.3 when the parkin positive families are removed). There was no common haplotype identified in the linked families.
The evidence of linkage to the X chromosome was greater when the broader disease definition was employed (model II; LOD ¼ 3.1; genome-wide P-value ¼ 0.04). Three markers in a 19 cM region on the X chromosome (DXS1106, DXS8055, DXS1001) retained at least 70% of the maximum LOD score and the 1-LOD encompassed 20 cM. Results were not substantially altered when the analysis was performed with the Hispanic families removed from the dataset.
Analyses of parkin-positive families
While mutations in both parkin alleles clearly result in PD, we hypothesize that a parkin mutation in only one allele may not be sufficient for disease. Therefore, a genome screen was performed, using only those families with a single parkin mutation, to detect epistatic interactions that may jointly contribute to PD susceptibility. A maximum LOD score of 7.2 was obtained in the subset of 23 families with a parkin mutation on only one allele ( Fig. 2A) . The only other chromosomal region that exceeded Lander and Kruglyak's threshold for suggestive linkage (LOD 2.2) (49) was on chromosome 10 near the marker D10S196 (LOD ¼ 2.3) and the 1-LOD support interval encompassed 29 cM.
Analyses after stratification by the presence or absence of a strong family history of PD We have previously shown that the evidence for a chromosome 2q36-37 susceptibility gene was primarily due to families with verified PD that had a strong family history of PD, defined as at least four affected family members or an affected sibling pair with an affected parent. In our expanded sample of 362 families, there were 85 families meeting these criteria. A genome screen performed in these 85 families continued to provide strong evidence of linkage to chromosome 2q (LOD ¼ 4.9; Fig. 2B ). In addition, analysis of this sample resulted in a LOD score of 1.9 at the parkin locus and a LOD score of 2.4 on chromosome 14 and the 1-LOD support interval encompassed 39 cM.
Analyses were also performed after removing from the sample those 85 families with a strong family history of PD. The genome screen in the remaining sample of 277 families resulted in a LOD score of 3.2 on the X chromosome and the 1-LOD support interval encompassed 22 cM. In addition, linkage was also observed to the region on chromosome 10 noted above to have potential epistatic effects in the families with a single parkin mutation (LOD ¼ 2.4; Fig. 2C ) and the 1-LOD support interval encompassed 28 cM.
DISCUSSION
In our sample of 362 multiplex PD families, we continued to have strong evidence for PD susceptibility genes on chromosomes 2 and X. Our sample included more than twice as many individuals affected with Parkinson disease as any other genome screen published to date (42, 43, 50, 51) . Unlike many previous PD linkage studies, we sought to reduce heterogeneity by genotyping all families using a marker in the parkin gene so as to prioritize families to be screened for likely mutations. This strategy allowed us to identify 39 families with parkin mutations, who were removed from subsequent genome screen analyses and later used to screen for epistatic interactions with the parkin gene. The strongest evidence for linkage in our sample continues to be on the X chromosome, with most of the evidence derived from the 125 brother-brother pairs, who generated a LOD score of 2.5 when analyzed alone. Analyses of the 154 sister pairs and the 59 mixed gender sibships both produced LOD scores less than 0.50 in this region of the X chromosome. Two other PD family studies have also reported linkage to this region of Xq21-25 (42, 51) . A major PD susceptibility locus located on the X chromosome could explain the slightly higher incidence of the disease among males (52) . An interesting candidate gene in this chromosomal region may be the locus for sex-linked dystonia parkinsonism (XDP), which has been reported at high incidence in Panay, Philippines (53) .
The only other region in our study that exceeded Lander and Kruglyak's threshold for suggestive linkage (LOD 2.2) (49) was on chromosome 2q36-37. The Nurr1 gene on 2q has been implicated in idiopathic PD (39) . The maximum LOD score on chromosome 2q in our study was located more than 50 cM from the Nurr1 gene, and there was little evidence of linkage at the Nurr1 locus (LOD ¼ 0.4). Therefore, our finding on 2q36-37 probably represents linkage to a gene distinct from the Nurr1 locus. Interestingly, the 18 Hispanic families provide substantial evidence of linkage to chromosome 2q. Further analyses of additional markers in this region will be employed to determine if a common haplotype might be segregating in these families. None of the other PD genome-wide linkage studies (42, 50, 51) have reported evidence of linkage to chromosome 2q.
More than half of the families with parkin mutations in our sample had only one identifiable mutation in one allele of the parkin gene. Since all affected family members were independently screened for parkin mutations, it is unlikely that a parkin mutation in the other allele was consistently missed. This raises the possibility that additional susceptibility alleles at other loci might be necessary for disease. To test this hypothesis, we performed a genome screen limited to the 23 families with a parkin mutation in only one of their two alleles. From these analyses, evidence of a potential epistatic interaction between the parkin gene and a locus on chromosome 10 (LOD ¼ 2.3) was observed. In addition, review of the genome screen data using the full sample of 362 families generated a LOD score of 2.1 in this same region of chromosome 10 using the broad disease definition (model II). This same region on chromosome 10q was identified in previous analyses of model II using the initial sample of 182 families (43) . Interestingly, analysis of the families with a strong family history of PD who also met criteria for model I (LOD ¼ 0.1) as well as analyses of only the families meeting the more stringent model I definition (LOD ¼ 1.0) both provided little evidence of linkage to this region. In contrast, analysis of the pedigrees with a weaker family history of PD also provided evidence of linkage to this chromosomal region (LOD ¼ 2.4). These findings suggest a locus on chromosome 10q24 might be a susceptibility gene increasing the risk for a PD-like phenotype.
The region of chromosome 10 identified in this study was also one of the four regions reported by DeStefano et al. (50) as linked to PD in their sample of 113 affected sibling pairs. Furthermore, this region of chromosome 10 has also been linked to late-onset Alzheimer disease (54, 55) . The predominant theory behind the pathogenesis of PD and Alzheimer disease is the toxicity resulting from the aggregation of alphasynuclein and a-beta, respectively (56) . It has also been shown that the aggregation of alpha-synuclein (previously known as the precursor protein of the non-amyloid beta-A4 protein) can lead to the aggregation of a-beta (57) . Therefore, the coincident linkage of two different neurodegenerative diseases to the same region of chromosome 10 suggests that a gene in a common pathway may be a putative susceptibility gene.
We previously reported significant linkage under an autosomal dominant model of disease inheritance to chromosome 2q36-37 using kindreds with verified PD that had a stronger family history of PD (i.e. four or more affected family members or an affected parent). In our expanded sample reported herein, 85 families meet this rigorous criteria, and most of the linkage evidence to 2q36-37 continues to be derived from these individuals (LOD ¼ 4.9; P ¼ 0.001). This suggests that these families might be segregating a Mendelian form of PD or a highly penetrant susceptibility gene. Interestingly, when these 85 families were employed in a genome screen to detect epistatic loci, only one region, on chromosome 14, produced suggestive linkage (LOD2.2). Modest evidence of linkage has also been reported for chromosome 14 by Hicks et al. (42) and Scott et al. (51) .
If the putative gene on chromosome 2q represents a Mendelian form of PD, removal of these families may increase the power to detect susceptibility genes with smaller effects that increase the risk for common, idiopathic Parkinson disease. When we performed the genome screen using the remaining 277 families with weaker family history of PD, the maximum LOD score on the X chromosome increased to 3.2 and the LOD score on chromosome 10 increased to 2.4. Consistent with the results of the genome screen in the strong family history positive families, these analyses would suggest that the putative genes in these two regions do not directly interact with the chromosome 2q locus.
The genome screen study of Scott et al. (51) had its most significant linkage finding on chromosome 17, near the tau gene. The strength of the linkage finding was increased when analyses were limited to a subset of families in which at least one individual in the kindred was not responsive to levodopa treatment. Since a positive response to this dopamine precursor is very common among individuals with PD, they considered this potential phenotypic heterogeneity to be indicative of genotypic heterogeneity. Recent studies have also found that alpha-synuclein and tau proteins polymerize to amyloid fibrils, which subsequently form intraneuronal inclusions typically found in many neurodegenerative diseases (58) . Unlike our previous report wherein we found minimal evidence of linkage to the tau gene, (LOD ¼ 0.0-0.2) (43), in the larger sample of 362 families, we obtained a LOD score of 0.80 at the tau locus. Therefore, we sequenced the tau gene in five families from our sample that had a family-specific LOD score >0.25 under an autosomal dominant model with a marker near the gene. No mutations were identified.
The two chromosomal regions identified as having strong evidence of linkage in our previous sample continue to show strong evidence of linkage in this expanded sample of 425 affected sibling pairs. The findings on chromosomes 2 and X suggest the existence of loci that contribute to PD susceptibility. An important advantage of our study was the identification of families with parkin mutations prior to the genome screen analyses and the ability to stratify the sample using the parkin mutation positive families and the families with a stronger family history of PD that link strongly to chromosome 2q. This has reduced genetic heterogeneity in our sample and allowed us to detect possible epistatic interactions to regions on chromosomes 10 and 14. Genetic modeling that incorporates epistatic interactions will probably prove essential for the identification of the PD susceptibility loci in each chromosomal region. We continue to recruit families with multiple living members diagnosed with PD so as to narrow the chromosomal regions identified in these analyses and identify the putative PD genes. It is hoped that the elucidation of PD susceptibility genes may allow the early identification of individuals at high risk of PD and may lead to improved pharmacologic treatment for affected individuals.
MATERIALS AND METHODS

Subjects
Families consisting of at least one pair of living siblings diagnosed with PD were recruited through 59 Parkinson Study Group (PSG) sites located throughout North America. All study participants completed a uniform clinical evaluation (UPDRS) (59) and a Diagnostic Checklist (20, 43) . Responses on the Diagnostic Checklist were then used to classify study subjects as having verified PD (542 subjects) or non-verified PD (238 subjects). Thus, individuals classified as non-verified PD had clinical symptoms similar to PD, but when examined either failed to meet all inclusion criteria or fulfilled at least one of the exclusion criteria. Peripheral blood was obtained from all individuals after appropriate written informed consent approved by each individual institution's IRB was completed. The sample was primarily Caucasian (94%), although Hispanics (5%) also participated.
One of the advantages of our study was the use of the Diagnostic Checklist for the classification of disease status, since using stringent diagnostic criteria is essential for the successful identification of PD susceptibility genes. The high inter-rater and inter-site reliability of the diagnostic instrument provided further reassurance that error in diagnosis was kept to a minimum (60) . Autopsies have been completed and a report generated for seven study participants. These included three individuals who, based on their clinical evaluation, had been classified as verified PD, with an autopsy confirming this diagnosis. However, three of the four individuals classified as non-verified PD also had pathological findings consistent with PD. Thus, it is likely that some of the individuals who are classified as non-verified PD based on the inclusion and criteria of the Diagnostic Checklist do in fact have PD, thus providing further rationale for using the broader disease definition in genetic analyses designed to identify PD susceptibility genes.
Parkin screening
As previously described, a marker in intron 7 of the parkin gene (D6S305) was genotyped in all study subjects. Families with positive LOD scores at this marker under either an autosomal dominant or autosomal recessive model of disease inheritance (n ¼ 124) and families with an affected family member with an age at onset at or before 50 years (n ¼ 92) were screened for parkin mutations using both direct sequencing and fluorescent dosage analysis (22) . A total of 31 different parkin mutations were identified in 39 of the 173 families analyzed. Linkage analyses were performed with and without the families with a parkin mutation.
Genotyping
A genome screen using 400 dinucleotide markers from the ABI Prism Linkage Mapping Set (Applied Biosystems, Foster City, CA, USA) was completed as described previously (43) . All genotypic data were evaluated for Mendelian inheritance of marker alleles with the program Pedcheck (61) and the marker genotypic data were used to verify the full sibling relationships among the subjects using the computer program RELATIVE (62) . Four half-sibling pairs were eliminated from further analyses due to significantly lower sharing of marker alleles identical by descent (IBD) than would be expected for full siblings.
Statistical analysis
Multipoint non-parametric linkage analysis was performed for both models of affection status using the maximum likelihood method implemented in the computer program Mapmaker/ SIBS (49) . Allele frequencies for all analyses were estimated from the full PD cohort of 1508 chromosomes. Analyses were performed employing all possible sibling pairs from families of size greater than two and with both dominance variance free to vary and fixed at zero. Holmans (63) has shown that analyzing affected sibling pair data under the assumption of dominance variance, when Holmans' 'possible triangle' is applied, appears to allow for a more sensitive test for putative genes acting in a recessive fashion than when dominance variance is fixed at zero.
Linkage analyses were initially performed using only the 194 families in which two or more affected individuals met the strict criteria for verified PD (model I). Subsequently, the genome screen was performed using the larger sample of 362 families in which all affected individuals were employed (model II). Thus, model II includes some families consisting of only individuals meeting the stricter disease definition, and other families in which some or all of the affected individuals meet only the broader disease classification. A genome screen using the same methodology was performed on the subset of the population with at least one mutant parkin allele, and was repeated for those with only one mutant allele. Since the linkage to chromosome 2q was shown to be due primarily to families with a more extensive family history of PD, a genome screen was also performed in this subset of 85 families, as well as in the 277 families with a weaker family history of PD. A strong family history was defined as a sibling pair with verified PD that had either an affected parent or a minimum of four affected individuals in the family.
All P-values were obtained empirically via simulations of the null hypothesis of no linkage. For each subset of the data, 2000 replicates were simulated with Allegro (64) using the same family structures, map distances and allele frequencies from the experimental data. Genome-wide significance of observed maximum LOD scores was obtained from sampling all points in the simulated data sets.
Tau screening
A marker near the gene encoding tau (D17S1868) was genotyped in all study subjects. The five families exceeding an autosomal dominant LOD score of 0.25 were screened for mutations in MAPT (the gene encoding tau). Exons 1-5, 7 and 9-13 were PCR amplified and directly sequenced. Primers from the intronic sequences surrounding all the exons were used so that the entire exon sequence and the splice signals could be analyzed (65) . Standard amplification reactions were done with 50 ng of genomic DNA. The amplified products were gel purified using the Qiaquick gel purification kit (Qiagen, Valencia, CA, USA) and asymmetric amplification using the DTCS Quick Start Kit (Beckman Coulter, Fullerton, CA, USA) was performed. The amplified products were precipitated and resuspended in sample loading solution and loaded onto a CEQ 200XL DNA Analysis System (Beckman Coulter). Sequences were compared to the published MAPT sequence.
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